This work describes ultrafast spectroscopy studies of Au triangular pyramid particle arrays deposited over glass (termed Au/glass), and 190 nm indium tin oxide (ITO) film (termed Au/ITO/glass) prepared by nanosphere lithography. The linear absorption spectra of Au/glass and Au/ITO/glass exhibit surface plasmon resonances at 800 and 870 nm, respectively, in good agreement with discrete dipole approximation simulations. Ultrafast pump-probe measurements at wavelengths below resonance, at resonance, and above the surface plasmon resonance for each of these two systems are presented. The pump-probe measurements on both systems can be well fit with a model accounting for electron-electron scattering, electron-phonon coupling, and acoustic oscillations on top of cooling of the gold lattice. Numerical simulations employing a two-temperature model are consistent with the single-color pump-probe exponential decays. The wavelength-dependent pump-probe results are interpreted in terms of the complex wavelengthdependent refractive index of gold. We show that this interpretation is consistent with diffractiveoptic four-wave mixing spectroscopy measurements of absorptive and dispersive parts of the third-order nonlinear polarization at 800 nm.
Introduction
At the surface plasmon resonance of a metal nanoparticle, excited conduction electrons are confined to the interface between metal and dielectric. 1 As a result, metallic nanoparticles can efficiently concentrate optical radiation into a small volume leading to high local field enhancement factors. The optical properties of gold nanoparticles have been employed in wide-ranging applications, including sensing, 2 biomedicine, 3,4 catalysis, 5 and nanophotonics. 6 The variety of applications of surface plasmon resonances stem in part from the ability to control the electronic and optical properties of metallic nanoparticles, employing either topdown or bottom-up approaches to tailor sizes, geometries, and shapes of metallic nanoparticles and particle arrays. 7 The application of plasmonics to high-performance photovoltaic devices is a promising area of research. 8 In a recent example of nanoscale plasmonic solar-cell engineering, poly(3-hexylthiophene) (P3HT), an organic photovoltaic absorber, was integrated in the gap between the arms of a plasmonic antenna array, thus forming an array from an axial heterostructure of metal and P3HT. 9 Light is concentrated in the nanoscale gap between the two antenna arms, and photocurrent is generated in the P3HT semiconductor. Despite extensive recent research on this topic, significant improvement of solar cells due to replacement of dielectrics with plasmonic materials is yet to be demonstrated and understood.
In order to minimize the large losses inherently associated with metals, plasmonic solar cells have also been investigated using alternative plasmonic materials, such as metal alloys and heavily doped semiconductors. 10 For example, recent work has investigated picosecond optical excitation of indium tin oxide (ITO)-Au plasmonic nanoantennas as a means for locally modulating the free-carrier density.
antenna-ITO hybrid system, which is distinctly different from transient bleaching observed for gold antennas on a non-conducting SiO 2 substrate. 11 The results were explained by the large free-carrier nonlinearity of ITO, which is enhanced by plasmon-induced hot-electron injection from the gold nanoantenna into the conductive oxide. Ultrafast interfacial charge injection has also been described in related systems, including plasmon-induced ultrafast charge injection in gold nanoparticle/TiO 2 , 12 and charge-transfer in a chromophore sensitized TiO 2 nanocomposite. 13 In the present work, we report ultrafast measurements of Au-ITO hybrids, in which Au triangular pyramid particle-arrays are deposited over ITO films by nanosphere lithography. The same fabrication procedure and time-resolved experiments were used to investigate the ultrafast dynamics of Au arrays deposited over glass, so that a direct comparison between the two systems can be made. The linear absorption spectra of Au/glass and Au/ITO/glass exhibit maximum absorption peaks at 800 and 870 nm, respectively, which are attributed to dipolar surface plasmon resonance peaks. For each of these two systems, we have measured the ultrafast pump-probe dynamics at the surface plasmon resonance, and above and below the surface plasmon resonance frequency. Four-wave mixing spectroscopy measurements at 800 nm are consistent with the pump-probe data. Our results are supported by numerical simulations of the linear optical response and of the thermal evolution of electron and lattice temperatures.
Results and Discussion
The great advantage of using the spin coating technique in the preparation of colloidal masks is speed: preparation time of a mask is approximately 3 min and allows parameter control to obtain masks formed strictly by a monolayer of polystyrene spheres. However, scanning electron microscopy (SEM) images of the mask (Figure 1a) show defects in sphere packing. Once the Au layer was evaporated and the polystyrene mask removed, the "memory" of such defects remains in the triangular prism array of Au nanoparticles. Atomic force microscopy (AFM) images show the overall good uniformity of the Au nanoparticle triangular prism array, although other morphologies such as bowtie-like particle dimers can also be seen, as shown in Figures 1c and 1d . Regarding the ultrafast spectroscopy measurements, lateral movement of sample position led to small changes in the retrieved kinetic parameters, presumably due to signals from defects such as bowtie. Although we have not quantified the amount of defects, we believe contribution of defects to the observed signals is small, since large heterogeneity in particle shape would lead to dephasing in the acoustic oscillations of individual nanoparticles.
14 Thus, coherent oscillations observed in the pump-probe and four-wave mixing measurements suggest that the samples consist mostly of homogeneously distributed and isolated Au particles.
As indicated in Figure 2 , quantitative analysis of the images obtained by AFM shows that the average height of the islands obtained was 45 ± 5 nm. This particle height is in good agreement with the thickness of evaporated Au, which was 50 nm, as monitored using a quartz microbalance coupled to the evaporation chamber. Approximating the islands as triangles, the triangle base ( 3/2 l ) is about 220 ± 15 nm as shown in Figure 2b . Also, quantitative analysis of the AFM image shown in Figure 2a indicates an average gap (distance between tips of neighboring nanoparticle islands) greater than 50 nm. A previous experimental and computational work on Au bipyramidal nanoparticle dimers with dimensions similar to those reported in the present work indicated negligible plasmonic interactions and optical forces for gaps greater than 15 nm, even for head-to-tail nanoparticle dimer geometries. 15 Moreover, interparticle coupling effects on the ultrafast dynamics of Au monolayer periodic nanoprism arrays have also been discussed, 16 and the ultrafast spectroscopy results presented below show that our sample consists mostly of isolated (non-interacting) Au islands. Figure 3a shows linear absorption spectra of Au islands on glass (Au/glass, black dashed curve), Au islands on ITO/glass (Au/ITO/glass, red curve), as well as absorption spectra of the substrates (glass and ITO/glass). The Au/glass spectrum displays a strong absorption band centered at 800 nm, a weaker transition around 590 nm, and a broad, weak absorption near 410 nm. The absorption spectrum of Au/ITO/glass displays qualitatively similar features: an absorption maximum at 870 nm, a broad structure-less band near 640 nm, and a weaker band near 430 nm. Thus, the Au/glass and Au/ITO/glass spectra display similar-looking features. The main differences between the two spectra are: Ultrafast Dynamics of Au Nanopyramid Interfaces Prepared by Nanosphere Lithography J. Braz. Chem. Soc. 426 are consistent with discrete dipole approximation (DDA) simulations shown in Figure 3b .
In general, the position and width of the plasmon resonance peak depends on the material, shape and size of the nanoparticles, which allows adjustment of the peak in the spectral region from visible to the near-IR. [17] [18] [19] All of these spectroscopic features may be explained by substrate dielectric constant effects on the optical properties of metal nanoparticles. That is, differences in refractive index of ITO vs. glass leads to a redshift in the absorption spectra. 20 Both glass and ITO/glass display negligible absorption in the near-800 nm wavelength range of interest, as shown in Figure 3a .
The absorption maximum at 800 nm is assigned to dipolar plasmon resonance of the Au nanoparticles, consistent with previously reported data for similar nanostructures prepared by nanosphere lithography. 21 Given the geometry of the Au islands, the 800 nm band is attributed to longitudinal plasmon mode excitation along the nano-pyramid base, which is in contact with the glass substrate. At higher energies, the weaker 600 nm band is attributed to quadrupolar plasmon excitation whereas the inter-band transition is observed near 410 nm. 21 Similarly, for the Au/ITO/glass sample, we observe dipolar longitudinal plasmon excitation, quadrupolar resonance, and interband transitions near 870, 640, and 430 nm, respectively. The surface plasmon resonance wavelength redshifts as the refractive index of the surrounding environment is increased. 20 Neglecting the wavelength-dependence of the refractive index, the substrate refractive index in the near-IR is n ca. 1.55 for glass and n ca. 1.75 for ITO. The measured redshift in going from Au/glass to Au/ITO/glass is approximately 70 nm (from 800 to 870 nm). We also note that the higher dielectric constant of ITO vs. glass also leads to an increase in the surface plasmon resonance linewidth due to radiation damping. 22, 23 These considerations are generally consistent with the numerical results from DDA simulations, even though the wavelength-dependent refractive index of ITO cannot be neglected. Figure 3b shows the simulated extinction spectra for a single Au island over ITO (Au/ITO, red curve) and over glass (Au/glass, black curve). The simulations results show a very good qualitative agreement with the experimental spectra in Figure 3a . A signal due to Au interband absorption and scattering by the substrate, specially ITO, is observed around 400 nm, whose refractive index is larger in that region, as can be observed in the inset of Figure 3b . Additionally, resonances around 650 and 800 nm were observed in the simulations as in the experimental results, which were attributed to quadrupolar and dipolar plasmon modes, respectively. Such plasmon resonances were redshifted for the Au/ITO system in comparison with Au/glass, in qualitative agreement with experimental results. Such redshift can be attributed to the differences in the refractive index for the substrates supporting the Au islands. As can be seen in the inset of Figure 3b , the real part of the ITO refractive index is larger than that of glass up to 800 nm. Although the simulations results show a redshift for the plasmon resonances, the shift observed for the dipolar mode was larger in the experimental results than in the simulations, which can be attributed to possible differences in the real and simulated Au island shapes, as well as possible heterogeneities among Au/ITO and Au/glass samples. inset). Figure 4a ) exhibits (i) a femtosecond decay constant following pump excitation; (ii) relaxation times of a few picoseconds; and (iii) slower oscillation coupled with relaxation on the time scale of several picoseconds. These three features of the ultrafast decay of Au/glass are consistent with visible pump/white light probe data previously reported for Au nanopyramids supported on glass by nanosphere lithography, and the overall data is consistent with ultrafast decay of Au nanoparticles. 21 Accordingly, we attribute the ultrafast response of our Au/glass sample based on previous work. Specifically, the initial sub-50 fs decay is associated with dephasing of coherently excited non-thermal distribution of conduction electrons followed by thermalization via electron-electron scattering with a 170 fs time constant. The subsequent decay with time constant of 5.6 ps is associated with electron-phonon coupling leading to heating of the lattice.
A two-temperature model is employed to describe the thermal evolution of electron and lattice (phonon) temperatures. In this model, pump pulse energies are absorbed by the nanoparticles, thus creating a population of hot conduction electrons. Electron-phonon coupling mediates energy exchange between conduction electrons and the nanoparticle lattice. Thermal equilibrium is reached by phonon-phonon scattering which allows heat exchange between the nanoparticle and the surrounding environment. Thus, the electron and lattice temperatures Ultrafast Dynamics of Au Nanopyramid Interfaces Prepared by Nanosphere Lithography
(T e and T l , respectively) are described by a coupled pair of differential equations:
The electron heat capacity (C e ) is assumed proportional to temperature with proportionality equal to 71.5 J m -3 K -2 . The heat capacity is assumed to be a constant, C l = 3k B n, where k B is Boltzmann's constant and n is the atomic density of gold. Electron-phonon and phonon-phonon coupling coefficients (G e -ph and G ph -ph , respectively) were chosen to reproduce our measured electron-phonon and phononphonon relaxation times. These differential equations were solved numerically employing the following initial conditions: T l = T 0 = 300 K, T e = 2000 K (10 nJ per pulse).
As shown in Figure 4b , electrons and phonons reach thermal equilibrium on the time scale of a few picoseconds, returning to room temperature on the time scale of hundreds of picoseconds. The exponential decay part of the 800 nm pump-probe signal for Au/glass is overlaid in Figure 4b to aid visual comparison with the two-temperature model numerical results. Good agreement between experimental data and numerical results indicate that the thermal evolution of electron and phonon baths can be adequately used to describe our measured pump-probe signals. The major qualitative differences between model and experiment occur at both very short and very long timescales. On the femtosecond timescale electron dynamics is governed by coherent oscillation of conduction electrons. The slower response of several picoseconds is associated with lattice cooling together with mechanical expansion and contraction of the entire lattice, leading to acoustic oscillations on the time scale of several picoseconds. The short-time electron dynamics and the long-time damped acoustic oscillations are not captured by our purely kinetic two-temperature model.
The pump-probe signal oscillations for Au/glass shown in Figure 4a are consistent with overall good uniformity in particle sizes and shapes at the length scale of several microns. That is, acoustic oscillations of nanoparticles of differing sizes would be out-of-phase with each other thereby very quickly damping any oscillations in the pump-probe signal. Thus, we conclude that our pump-probe results and interpretation are consistent with previous ultrafast dynamics work on gold triangular nanoprism arrays prepared by nanosphere lithography. [21] [22] [23] We also conclude that the sample imperfections shown in the AFM images ( Figure 2) did not affect the reproducibility of the ultrafast data reported herein.
Pump-probe data for Au/ITO/glass at 800 nm center wavelength is also shown in Figure 4a (red curve). As in the Au/glass system, we observe (i) a nearly instantaneous rise/decay following the instrument response function; (ii) subsequent relaxation on the femtosecond/picosecond timescales; and (iii) slower oscillation coupled with relaxation on the time scale of several picoseconds. However, unlike in the Au/glass system, in the case of Au/ITO/glass we observe a rise in the transient transmission signal following the instantaneous rise and decay at time-zero. The signal rise and slow decay observed for Au/ITO/glass and the contrast with the Au/glass pump-probe data are more clearly seen in Figure 5b , which displays experimental results for the first 3 ps following pump pulse excitation. The maximum in the transient transmission signal is observed ca. 500 fs after time zero with a ca. 400 fs time constant associated with signal rise. Afterwards, the pump-probe signal decays with a 3.7 ps time constant. At longer timescales, the pump-probe signal amplitude and oscillation follow the same dynamics as observed for the Table 1 for time resolution data. Au/glass sample. Thus, by looking only at the 800 nm pump-probe data shown in Figure 4a , it seems at first glance that ultrafast dynamics in Au/ITO/glass and Au/glass are qualitatively different. However, subsequent wavelengthdependent pump-probe measurements and four-wave mixing measurements show that the short-time dynamics are qualitatively similar for both systems, as shown below.
In order to gain further insight into the ultrafast dynamics in Au/glass and Au/ITO/glass systems, we have performed one-color pump-probe measurements at a range of wavelengths spanning the linear absorption spectra of each of these two systems. Wavelength tuning of the femtosecond laser source was achieved by employing an optical parametric amplifier as described in Experimental. Figure 5a shows an overlap of the linear absorption spectra of Au/glass and Au/ITO/glass with the laser spectra employed in the pump-probe measurements. For each sample, we have conducted one-color pump-probe measurements at three different wavelengths: (i) 750, 800, and 870 nm for Au/glass which has a resonance at 800 nm; (ii) 800, 870, and 915 nm for Au/ITO/glass which has a resonance at 870 nm. The complex frequency-dependent material response of a system can be described as the sum of refractive index (real part) and absorption (imaginary part). Given the large light scattering in plasmonic nanoparticles, it is important to assess the relative importance of dispersive and absorptive contributions to our measured signals, both on-and off-resonance. Starting from either absorption or refractive index data alone, determination of the full complex response function can be obtained indirectly via Kramers Kronig transformation. Alternatively, the full complex response may be retrieved experimentally, for example, by employing four-wave mixing spectroscopy with optical heterodyning or spectral interferometry detection. Figure 5b shows wavelength-dependent pump-probe transients for Au/glass (left column) and Au/ITO/glass (right column). Table 1 summarizes the parameters obtained by nonlinear least-squares data fitting. In the case of Au/glass below the surface plasmon resonance center wavelength, the pump-probe transient transmission signal at 750 nm exhibits an ultrafast response with 190 fs time constant associated with electron-electron scattering, followed by 2.96 ps electron-phonon time decay. The pump-probe data measured employing a center wavelength of 800 nm, which is the surface plasmon resonance wavelength for Au/glass, exhibits the same dynamics shown in Figure 4 . Finally, above the surface plasmon resonance, the pump-probe signal at 870 nm for Au/glass exhibits a 250 fs decay time for electron-electron scattering followed by electron-phonon coupling with 2.7 ps time constant.
In the case of Au/ITO/glass below the surface plasmon resonance, the pump-probe signal at 800 nm shown in Figure 5b corresponds to the first 3 ps of the pump-probe signal shown in Figure 4a . The data is reproduced in Figure 5b to aid visual comparison with pump-probe signals measured at different wavelengths. At 870 nm, the surface plasmon resonance wavelength for Au/ITO/glass, the pump-probe signal decays due to electron-electron scattering with 300 fs time constant, followed by electronphonon coupling time constant of 2.4 ps. Finally, above the surface plasmon resonance, the pump-probe signal at 915 nm for Au/ITO/glass exhibits a 270 fs time constant associated with electron-electron scattering and the subsequent electron-phonon coupling decay is observed with a ca. 3 ps time constant.
Overall, a qualitative analysis of the one-color pump-probe signals shown in Figure 5b for Au/glass and Au/ITO/glass indicates that these two systems exhibit similar wavelength-dependent ultrafast dynamics. For instance, the pump-probe experiments performed below the surface plasmon resonance (panel in Figure 5b , first row) exhibited an ultrafast rise in the signal followed by slower decay on the time scale of a few picoseconds; qualitatively, the same transient response was observed for both Au/glass and Au/ITO/glass. By the same token, when performing experiments at the surface plasmon resonance wavelength of each of these two systems (panel in Figure 5b , second row), the pump-probe signal decays on a sub-picosecond timescale followed by a small amplitude decay of a few picoseconds. Finally, in the experiments performed above the surface plasmon resonance wavelength for both Au/glass and Au/ITO/glass, we measured a sub-picosecond decay followed by a picosecond decay with a small negative amplitude.
The experimental and simulated linear optical spectra shown in Figure 3 indicated a plasmon frequency redshift in going from Au/glass to Au/ITO/glass, which was attributed primarily to differences in refractive index of glass vs. ITO. Similarly, the pump-probe results shown in Figure 5b may also be explained by assuming a redshift of the plasmon resonance for Au/glass vs. Au/ITO/glass due to the higher refractive index of ITO. Pump-probe experiments are unable to separate the real and imaginary parts of the third-order polarization that gives rise to the observed signals shown in Figures 4a and 5b . At resonance, the absorptive part may be the dominant contribution to the pump-probe signal, whereas away from resonance the dispersive part presumably also contributes to the observed signal. A phase shift of ca. π in the pump-probe signal is observed in our results shown in Figure 5b : an ultrafast transient rise is observed below resonance whereas an ultrafast decay with a change in sign of the pump-probe signal is observed above resonance. Assuming a dipolar picture of matter-radiation interaction, a forced harmonic oscillator with damping exhibits a frequency dependent phase shift described by 
where φ is the harmonic oscillator phase, γ is the damping factor, ω is the angular frequency and ω 0 is the natural frequency. Hence, a phase shift of π is expected as the oscillator is driven at different frequencies that span its natural frequency. Depending on the damping, such a phase shift may be observed near resonance. For example, assuming a linewidth of 100 nm for the linear spectra shown in Figures 3 and 5a , we estimate a phase shift of 0.75π between 870 and 750 nm for Au/glass with a resonance at 800 nm, and a phase shift of 0.73π between 915 and 800 nm for Au/ITO/glass with a surface plasmon resonance at 870 nm. These estimates provide a lower bound to the actual phase shift since the homogeneous linewidth will likely be narrower than the linewidths shown in Figures 3 and 5b . Incidentally, this effect has been explored in the study of surface-plasmon absorption-induced optical forces, where attractive and repulsive plasmonic interactions can be observed depending on whether the incident light is on the red-or blue-side of the surface plasmon resonance, respectively.
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The one-color pump-probe measurements performed across the surface plasmon resonance thus reflect the material wavelength-dependent complex refractive index. In order to further test whether the same mechanism underlies the ultrafast dynamic response in both systems, we have performed time-resolved four-wave mixing spectroscopy at 800 nm center wavelength on Au/glass and Au/ITO/glass. Figure 6a schematically shows the four-wave mixing apparatus, and Figure 6b shows the absorptive and dispersive parts of the four-wave mixing signal for each of these two samples.
As shown in Figure 6 , the absorptive four-wave mixing signal is positive for both samples. On the other hand, the dispersive four-wave mixing signal is negative (except near time-zero) for Au/glass and nearly zero for Au/ITO/glass. The on-resonance dispersive signal for Au/glass at 800 nm (Figure 6b , blue curve) is similar to the Au/glass pump-probe signal at 870 nm (Figure 5b) , and the on-resonance absorptive signal of Au/glass at 800 nm (Figure 6b , black curve) resembles the resonant pump-probe signal at 800 nm. Similarly, for Au/ITO/glass, our four-wave mixing experiments performed at 800 nm can be compared with the wavelength-dependent pump-probe signals shown in Figure 5b . That is, for Au/ITO/glass, the off-resonance dispersive four-wave mixing signal at 800 nm (Figure 6b, magenta curve) is similar to the pump-probe signal at 870 nm (Figure 5b ) due to the light-absorptioninduced redshift of the surface plasmon resonance. In turn, the off-resonance absorptive four-wave mixing signal at 800 nm (Figure 6b, red curve) is similar to the transienttransmission pump-probe signal at 800 nm. Upon light absorption by the nanoparticles, thermal evolution of electron and lattice temperatures alter the complex material dielectric function thereby leading to frequency shifts and spectral broadening of the surface plasmon resonance. The four-wave mixing signals can thus be interpreted assuming that surface plasmon absorption changes as a function of electron temperatures, when compared to room temperature. Specifically, light absorption leads to surface plasmon resonance redshift, which is manifested Signal as a change in the transient dispersive contribution to the four-wave mixing signal. Light absorption also leads to spectral broadening, which in turn leads to changes in the absorptive part of the four-wave mixing signal. 24 Overall, the results shown in this work indicate that one-color pump-probe and four-wave mixing signals are dominated by the frequency-and temperaturedependent complex material dielectric function. We have been unable to observe an additional contribution to the observed signals that could be attributed to charge transfer/injection into ITO. Recently, charge injection from metal nanoparticles into ITO have been observed with picosecond time-resolved microscopy. 11 Specifically, Muskens and co-workers 11 have employed two-color picosecond pump-probe measurements on single metal nanoparticles whereby a visible pump laser excites the metallic nanoparticles at the plasmon resonance frequency whereas a near-infrared pulse probed free carrier absorption around the ITO bandgap. Fast hot-electron injection from the gold antenna was observed, followed by thermalization and a local reduction of the ITO free-carrier density. Thus, in order to observe ultrafast plasmon frequency shifts due to charge transfer in the nano-structures discussed in our work presented here, one may need to perform two-color transient absorption measurements probing at longer wavelengths and employing smaller metallic nanoparticles to minimize the strong scattering signal associated with hot electrons.
Conclusions
We have described the preparation and characterization of arrays of isolated Au triangular nanoprisms over glass and a thin layer of ITO by nanosphere lithography. The linear absorption spectra of Au/glass and Au/ITO/glass exhibit surface plasmon resonances at 800 and 870 nm, with a 70 nm redshift associated with the refractive index of ITO. We have performed one-color pump-probe and four-wave mixing measurements with femtosecond time resolution at wavelengths below the surface plasmon resonance, at resonance, and above the surface plasmon resonance for each of these two systems. The ultrafast dynamics on both systems can be described by a model accounting for electron-electron scattering, electron-phonon coupling, and acoustic oscillations on top of cooling of the gold lattice. The wavelength-dependent results are described in terms of the complex wavelength-dependent refractive index of gold, which modulates the measured pump-probe signals. This interpretation is consistent with comparative measurements of absorptive and dispersive parts of the four-wave mixing signals at 800 nm.
Experimental

Sample preparation
Monodisperse PS microspheres with 476 ± 14 nm diameter were purchased from Microparticles GmbH as 10 wt.% in aqueous solution. Optically transparent ITO films (Delta Technologies Ltd.) with coating thickness 190 nm and sheet resistance of 4-8 Ω cm were used as substrate. Bidistilled and de-ionized water was used in all fabrication stages. Colloidal masks with one monolayer were crystallized on top of ITO substrates by spin coating at 1400 rpm during 2 min. Prior to mask fabrication, ITO substrates were rendered hydrophilic by chemical oxidation: 1 h in NH 4 OH, H 2 O 2 and H 2 O (1:1:5 ratio) at 82 o C. After spin coating, the masks were dried in air for 24 h at 60 o C to improve adhesion. The nanostructures constructed by using colloidal masks depend mainly on the kind of infiltration mechanism used (e.g., evaporation, sol-gel, electroplating, etc.). In our case, 50 nm of Au were evaporated on the mask. The colloidal mask was removed by immersion in toluene for 30 min. We obtained an ordered array of Au islands with triangular forms on the ITO substrates (see Results and Discussion). Linear absorption measurements were performed in a standard transmission mode using UV-Vis Hitachi U-2900 spectrophotometer.
Discrete dipole approximation simulations
The extinction spectra were simulated by the DDA method. Briefly, the method describes the target nanostructure by an array of N polarizable dipoles, whose induced dipole moment ( j P r ) can be written as:
where ( ) loc j E r r is the local electric field at the position of the j th dipole and α j is the polarizability at that point. This local field corresponds to the sum of incident ( 0 E r ) and scattered electric fields by each of the dipoles in the target. Therefore, the fundamental quantity to be described is the material polarizability, which can be described in a first approximation in terms of the material dielectric function by means of the Clausius-Mossotti relation:
where CM j α is the Clausius-Mossotti polarizability at the j th dipole, d is the diameter of the dipole and ε j is the dielectric permittivity of the j th dipole.
For all DDA simulations in this work, the dielectric function values were taken from experimental results. In the case of Au, it was considered the compilation from Johnson and Christy. 26 We also used experimental data provided by König et al. 27 and Rubin 28 for ITO and glass, respectively, which are presented in the inset of Figure 3b .
After reaching convergence for the induced dipoles, the extinction coefficient (s ext ) for each incident light wavelength (and therefore each wave-vector, k) is given by:
AFM measurements indicate that tip-to-tip distance between neighboring nanoparticles is greater than 50 nm on average, and thus coupling effects among Au nanostructures in the prepared sample can be neglected (see below). Therefore, simulations were performed for a single Au island on top of a cylindrical slab with diameter of 320 nm and height of 60 nm, following the protocol described by Schatz and co-workers. 29 The geometry employed in our DDA simulations is depicted in Figure 2c .
Pump-probe spectroscopy
The pump-probe experiments were carried out using femtosecond pulses generated in a commercial Ti:sapphire laser (Legend, Coherent) operating at 1 kHz repetition rate. The amplifier output is used to pump an optical parametric amplifier (OPERA, Coherent) generating 50 fs pulses tunable from the visible to the near-IR. The pulse duration was characterized at the sample position employing a home-built frequency-resolved optical gating apparatus, as shown in the inset of Figure 4a . In our onecolor pump-probe experiments, we have employed four distinct center wavelengths of the femtosecond pulses: 750, 800, 870, and 915 nm. The linear vertical polarization of pump and probe beams was independently set by half-wave plate and polarizer combination. Changing the light polarization of the pump and probe pulses did not provide additional insights, presumably due to the absence of interparticle coupling effects and the overall isotropic structure of the nanoparticle array. Typically, 10 nJ are split into pump (90%) and probe (10%) beams. A 40 cm focal-length lens was used to focus both pump and probe beams on the sample. The sample was placed on a manual xyz-linear translation stage, which was kept fixed in position during the ultrafast experiments. To enhance the signal detection sensitivity, we have used lock-in amplification with an optical chopper operating at 90 Hz.
We comment on our efforts aimed at avoiding laserinduced destruction of the nanostructures. First, given the pump pulse energy, pulse duration, and beam size at the focus, the peak intensities of pump pulses employed in our work are approximately 2 GW cm -2 . By contrast, literature reports of laser-induced degradation and/or reshaping of metallic nanoparticle arrays prepared by nanosphere lithography employed peak intensities higher than that used in the present work. 30, 31 Second, in order to verify the maximum pump pulse energy that could be employed without leading to laser-induced sample degradation, we performed repeated pump-probe scans at a range of pump pulse energies. At pump energies near 10 nJ per pulse, pump-probe scans could be measured repeatedly, thereby indicating absence of sample degradation. 30 On the other hand, above 90 nJ per pulse pump energies, pump-probe scans could not be reproduced reliably. In the Results and Discussion, pump-probe transients are reported for 10 nJ per pulse pump energy, which is nine times lower than our damage threshold. Third, we performed optical spectroscopy and electron microscopy measurements on the samples before and after the pump-probe measurements. The beams employed in the pump-probe experiments reported here had an area of approximately 40 μm × 40 μm at the focus, thus optical spectroscopy and electron microscopy experiments sampled multiple particles at a time. 30 Four-wave mixing spectroscopy
The four-wave mixing apparatus was built to allow separate mesaurements of the real (dispersive) and imaginary (absorptive) parts of complex wavelengthdependent material response. Briefly, two laser pulses are incident on a diffractive optic (Holoeye Photonics) designed to produce pulse pairs 1 and 2 (pump 1 and pump 2), and 3 and 4 (probe and local oscillator, respectively). The resulting boxcar pattern is imaged onto the sample with a combination of on-axis parabolic mirrors (Edmund, 17 inch focal lengths). The four-wave mixing apparatus is designed in a transient grating configuration whereby pulses 1 and 2 arrive at the sample at the same time, and the time delay between pulses 1 and 2 and pulse 3 is controlled before the diffractive optic. The probe beam is scattered off the holographic grating induced in the sample, and the resulting four-wave mixing signal is detected in the phase-matched direction, collinear with the local oscillator (see Figure 6a) . Optical heterodyne detection is employed. The same pulse energies employed in the pump-probe experiments are employed in the four-wave mixing experiments.
